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We have identified and characterized the TRPA1
channel of Varroa destructor (VdTRPA1), a major
ectoparasitic mite of honey bee. One of the two
VdTRPA1 isoforms, VdTRPA1L, was activated by
a variety of plant-derived compounds, including
electrophilic compounds, suggesting that chemical
activation profiles are mostly shared between
arthropod TRPA1 channels. Nevertheless, carvacrol
and a-terpineol activated VdTRPA1L but not a honey
bee noxious-stimuli-sensitive TRPA, AmHsTRPA,
and Drosophila melanogaster TRPA1. Activation of
VdTRPA1L in D. melanogaster taste neurons by the
above compounds was sufficient to modify the gus-
tatory behaviors. Carvacrol and a-terpineol repelled
V. destructor in a laboratory assay, and a-terpineol
repressed V. destructor entry for reproduction into
the brood cells in hives. Understanding the functions
of parasite TRP channels not only gives clues about
the evolving molecular and cellular mechanisms of
parasitism but also helps in the development of con-
trol methods.
INTRODUCTION
TRP channels are unusual among the various ion channels
in that they display diverse cation selectivities and activation
mechanisms (Venkatachalam and Montell, 2007). TRP channels
play major roles in a variety of sensory modalities such as
vision, thermosensation, olfaction, hearing, taste sensation,
and mechanosensation by functioning as primary signal inte-
grators that allow animals to perceive the external environment
(Damann et al., 2008). They can activate, for example, olfactory
and gustatory receptor neurons either independently from or
together with the olfactory and gustatory receptors (Kim
et al., 2010; Kwon et al., 2010; Kang et al., 2012), and many190 Cell Reports 12, 190–202, July 14, 2015 ª2015 The Authorsof them are also expressed in the brain (Nilius and Owsianik,
2011).
TRPA1 specifically contains 14–15 ankyrin repeats (ARs) in
the N terminus. ARs appear to be necessary for the sensitivity
to various stimuli and interaction with protein partners (Nilius
et al., 2012; Paulsen et al., 2015). TRPA1 shares several key
structural features with TRPV1, for example, forming a homote-
tramer that exhibit domain swapping within the transmembrane
core and containing a pore with two gates (Paulsen et al., 2015).
The physiological functions of TRPA1 have been characterized
using genetically tractable model organisms. TRPA1 is activated
by nociceptive thermal (either heat or cold) and chemical stimuli,
demonstrating that it playsmajor roles in nociception and inflam-
matory pain (Nilius et al., 2012). In addition, the roles in temper-
ature entrainment of circadian clock, promoting longevity at cold
temperatures, and induction of embryonic diapause in progeny
have been recently reported using Drosophila melanogaster,
Caenorhabtitis elegans, and Bombyx mori, respectively (Lee
and Montell, 2013; Xiao et al., 2013; Sato et al., 2014). However,
parasite TRP channels have not been studied to date (Wolsten-
holme et al., 2011). Parasite TRP channels may play important
roles, among other sensory functions, in sensing the host envi-
ronment and thus may be involved in mediating host-parasite
interactions.
The losses of managed honey bee (Apis mellifera) colonies
have significantly increased in Europe and North America during
recent years, and no single pest has affected honey bees as
severely as the ectoparasitic mite, Varroa destructor. Varroa
mites are the primary pests of honey bees in all beekeeping con-
tinents, except Australia, causing direct impacts on honey bee
health (large-scale death of larvae and pupae by feeding on he-
molymph) as well as indirect effects by vectoring viruses and
other honey bee disease agents (Evans and Schwarz, 2011;
Rosenkranz et al., 2010). Most of the honey bee colonies in
temperate climates would collapse within a 2- to 3-year period
without periodic treatment. A number of control methods using
miticides (for example, pyrethroids) or organic acids (formic
acid and others) have been developed (Rosenkranz et al.,
2010); however, no perfect method is yet available as that for
Figure 1. Two Isoforms of VdTRPA1 Are
Expressed in Varroa destructor
(A) Exon/intron structures of VdTRPA1L and
VdTRPA1S and the domain structures of encoded
proteins. The shared exons between two isoforms
are shown as red squares, and light blue and
green squares represent the VdTRPA1L- and
VdTRPA1S-specific exons, respectively. The size
of each exon and intron is also indicated if the
information is available. The size of one shared
exon (124) is written in white letters because the
corresponding genomic sequence is missing in
the database. The positions of the predicted initi-
ation codons (ATG) are also shown. Purple hexa-
gon and blue square represent ankyrin repeat (AR)
and transmembrane domain, respectively.
(B) Ventral view of V. destructor. Arrowheads
and arrows show the first legs and the second to
fourth legs, respectively. The mouthpart consist-
ing of two sensory pedipalps and two chelicerae is
indicated by a red square line.
(C) Detection of VdTRPA1L, VdTRPA1S, and
Beta-actin mRNA in the whole body without
mouthparts and legs (Body), the first legs, and
second to fourth legs by RT-PCR. The positions of
300–600 bp DNA molecular weight marker (MW)
are shown at the left.
(D) Proteins expressed in HEK293 cells trans-
fected with empty vector (MT), VdTRPA1L-, and
VdTRPA1S-expressing constructs were analyzed
by western blot. The size (kDa) of protein molec-
ular weight marker (MW) is at the left.
(E) Localizations of plasma membrane-bound
FITC-WGA and either VdTRPA1L or VdTRPA1S in
the transfected HEK293 cells by immunofluores-
cence. The merged images of FITC-WGA and
either VdTRPA1L or VdTRPA1S are also shown.other parasitic mites. Therefore, sustainable control strategies
for Varroa mites based on the use of natural compounds
would be highly desirable for beekeeping and related industries.
In this study, we identified and characterized V. destructor
TRPA1 (VdTRPA1) as a TRP channel characterized in parasites.
We discuss the physiological functions of VdTRPA1 and the po-
tential use of VdTRPA1-activating compounds to control Varroa
mites in the apiculture industry.
RESULTS
Identification of Two Isoforms of VdTRPA1 mRNA
We searched for the VdTRPA1 gene in V. destructor genomic
contig sequences by TBLASTN using Pediculus humanus
TRPA1 (PhTRPA1) sequence as the query. Several contigs with
high similarity were identified, and we designed primers for 50
and 30 rapid amplification of cDNA ends (RACE) according to
the contig sequences. Although we isolated a single 30 RACE
product, two 50 RACE products with different 50 end sequences
were recovered. One product contained the initiation codon and
50 upstream stop codon in the same reading frame; however, the
other product did not fully extend to the 50 end of the transcript.We isolated the fully extended 50 RACE product by using primers
designed according to the partial 50 end sequence and then
obtained two full-length VdTRPA1 cDNAs (VdTRPA1L and
VdTRPA1S) with different 50 end sequences. As shown in Fig-
ure 1A, the exons downstream from exon 6 of VdTRPA1L and
exon 2 of VdTRPA1S are shared, but the upstream exons are
variable because of the different transcription initiation sites.
Thus, VdTRPA1S has a short N-terminal sequence than
VdTRPA1L, and the number of ankyrin repeats (ARs) is reduced
to 10 in VdTRPA1S compared to 14 in VdTRPA1L, which is com-
parable to other metazoan TRPA1 (Figure 1A).
Expression Profiles of VdTRPA1L and VdTRPA1SmRNAs
in V. destructor
We examined the expression of VdTRPA1L and VdTRPA1S
mRNAs in the first legs, second to fourth legs, and the whole
body (excluding the mouthparts and legs) of V. destructor using
RT-PCR. The first legs were morphologically different from the
other legs (Figure 1B) and are rarely used for mite movement
and instead are frequently raised in the air (Rickli et al., 1992).
VdTRPA1L mRNA was present in all of the above body parts;
however, expression of VdTRPA1S mRNA was lower in the firstCell Reports 12, 190–202, July 14, 2015 ª2015 The Authors 191
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legs than in thewhole body and second to fourth legs (Figure 1C).
Thus, the front legs of V. destructor mostly contain VdTRPA1L
with 14 ARs, suggesting that this isoform may have major roles
in sensory perception by the sensory pit organ, which consists
of nine internal sensilla with nine long hair sensilla surrounding
the organ (Rosenkranz et al., 2010). We did not detect both
VdTRPA1L and VdTRPA1S mRNAs in the mouthparts, which
consisted of two sensory pedipalps and two chelicerae (red
square in Figure 1B).
VdTRPA1L and VdTRPA1S Protein Expression in
HEK293 Cells
Prior to conducting calcium imaging of HEK293 cells expressing
either VdTRPA1L or VdTRPA1S, we characterized the expres-
sion and cellular localization of V5-epitope-tagged VdTRPA1L
and VdTRPA1S in HEK293 cells. We specifically detected the
proteins with expected molecular weights (146 and 109 kDa
for VdTRPA1L and VdTRPA1S, respectively) using western blot
(Figure 1D). We tested the cellular localizations of VdTRPA1L
and VdTRPA1S by incubating live cells expressing the proteins
with fluorescein isothiocyanate (FITC)-conjugated WGA (wheat
germ agglutinin), which primarily labels the cell surface through
binding with N-acetyl-D-glucosamine and sialic acid present in
membrane glycoproteins and glycolipids (Chazotte, 2011). As
shown in Figure 1E, both VdTRPA1L and VdTRPA1S co-local-
ized with FITC-conjugated WGA, demonstrating that some of
these proteins are present at the plasma membrane. A fraction
of FITC-conjugated WGA also accumulated inside the cell
through the endocytosis, and most of it did not co-localize with
either VdTRPA1L or VdTRPA1S, which is expected to be in the
exocytotic pathway.
Activation of VdTRPA1L but Not VdTRPA1S by Chemical
Compounds
We tested the activation of VdTRPA1 by various chemical
compounds and particularly focused on plant-derived com-
pounds with tick-repellent activity (Bissinger and Roe, 2010).
We tested 40 compounds using HEK293 cells expressing
VdTRPA1 by calcium-imaging technique and found 24 of
them activated VdTRPA1L but not VdTRPA1S. The list of posi-
tive and negative compounds to activate VdTRPA1L was shown
in Table S1. We observed robust activation of VdTRPA1L by
eight representative plant-derived compounds (1,8-cineole,
b-citronellol, 2-undecanone, myrtenal, nerol, methyl jasmonate,
carvacrol, and a-terpineol) as shown in Figure 2. The activation
profiles of VdTRPA1L by other compounds are shown in Fig-
ures S1A and S1B. In contrast to VdTRPA1L, none of these
compounds activated VdTRPA1S (Figures S2A and S2B). The
compound 2-undecanone is already used as a major ingredient
of commercially available natural arthropod repellents (Bis-
singer et al., 2009). The chemical structures of VdTRPA1L-
activating compounds are diverse (Figure 2; Figures S1A andFigure 2. Plant-Derived Compounds Capable of Activating VdTRPA1L
Activation of VdTRPA1L by representative eight plant-derived compounds analyz
added, and thenwashed off. Arrows show the time points when ionomycin was ad
each compound was 1 mM except for nerol and carvacrol (0.5 mM).S1B), suggesting diverse activation mechanisms. These results
suggest that at least some of plant-derived tick/mite repellents
activate tick/mite TRPA1.
Similar to the activation of TRPA1 of other species, for
example, Drosophila melanogaster TRPA1 (DmTRPA1), electro-
philic compounds such as allyl isothiocyanate (AITC), cinnamal-
dehyde (CA), and diallyl disulfide also activate VdTRPA1L
(Figure 3A; Figure S1A). However, compared to DmTRPA1,
VdTRPA1L appears to be rapidly activated and desensitized in
the presence of electrophiles (Figure 3A). The activation of
TRPA1 through covalent modification by electrophiles is evolu-
tionarily well conserved among metazoans (Hinman et al.,
2006; Macpherson et al., 2007; Kang et al., 2010). In fact, two
cysteine residues (C412 and C619 of human TRPA1, HsTRPA1)
and one lysine residue (K708 of HsTRPA1) targeted for covalent
modification by electrophiles (Hinman et al., 2006; Macpherson
et al., 2007; Kang et al., 2010) are also conserved in VdTRPA1L
(Figure 3B). The C639 residue of HsTRPA1 is substituted to
glycine in both VdTRPA1L and Metaseiulus occidentalis TRPA1
(MoTRPA1) (Figure 3B), suggesting that the amino acid substitu-
tion specifically occurred in the common ancestor of mites.
To test whether the two conserved cysteines of VdTRPA1L
(C544 and C749 corresponding to C412 and C619 of HsTRPA1,
respectively) are crucial for activation by electrophiles, we con-
structed three VdTRPA1L mutants in which either one or two
of the above cysteines were substituted with serines. The protein
expression level and cell surface expression were comparable
between wild-type and three mutants (Figures 3C and 3D). As
shown in Figure 3E, three mutants appeared to have lower
current densities than that of the wild-type when tested using
1 mM AITC; however, the differences were not statistically sig-
nificant due to the variation between individual cells tested.
Since we still observed the current activation with the C544S +
C749S double mutant, AITC might act on K834 (the equivalent
of K708 of HsTRPA1) and other amino acid residues of
VdTRPA1L.
Intriguingly, we found that a-terpineol and carvacrol activated
VdTRPA1L (Figures 4A, 4B, and 4F), but they were inactive for
DmTRPA1 and A. mellifera nocisensitive TRPA (noxious stim-
uli-activated TRPA), AmHsTRPA (Kohno et al., 2010) (Figures
4C, 4D, and 4F). Interestingly, the activation of VdTRPA1L by
1 mM a-terpineol and carvacrol was biphasic; the channel was
rapidly inactivated in the presence of the compound, which
was followed by reactivation after the compound was washed
off (Figures 4A and 4B, left panels). This suggests that a-terpineol
and carvacrol may act as the agonists at low concentrations but
also as the antagonists at high concentrations for VdTRPA1L. In
fact, this biphasic activation disappeared when the channel was
activated by 0.1 mM a-terpineol and carvacrol (Figures 4A and
4B, right panels). Similar biphasic activation by several agonists
was also observed with HsTRPA1 (Takaishi et al., 2014) and
mouse TRPA1 (Alpizar et al., 2013), suggesting that this coulded by calcium imaging. Red bars show the period when each compound was
ded. Chemical structure of each compound is also shown. The concentration of
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be a common property of TRPA1. Mammalian TRPA1 is acti-
vated by carvacrol (Figure 4F) (Xu et al., 2006), suggesting that
DmTRPA1 has lost its sensitivity against this compound.
Because a-terpineol failed to activate HsTRPA1 (Figures 4E
and 4F), VdTRPA1 may have specifically gained the above
characteristics during evolution. VdTRPA1L current activated
by either 0.5 mM a-terpineol or 0.1 mM carvacrol showed similar
non-linear I-V relationship (Figure 4G). These concentrations of
compounds did not show the strong desensitization (see above).
The reversal potentials of 0.5 mM a-terpineol and 0.1 mM carva-
crol were 1.2 ± 0.8 and 3.3 ± 0.7 mV (mean ± SEM, n = 4, no
statistical differences by ANOVA), respectively. These results
demonstrate that opened VdTRPA1L channel shows similar ion
permeability regardless of activating compound. Further exper-
iments examining the ion selectivity revealed that VdTRPA1L
activated by 0.5 mM a-terpineol exhibits slightly higher Ca2+
permeability compared with K+ or Na+ (Figure 4H). This is similar
to TRPA channels of other species (Kohno et al., 2010; Kara-
shima et al., 2010).
a-Terpineol and Carvacrol Repel V. destructor
Although most plant-derived VdTRPA1L-activating com-
pounds also stimulated AmHsTRPA, few compounds such as
a-terpineol and carvacrol described above were specifically
active for VdTRPA1L. Thus, they may strongly repel Varroamites
rather than honey bees. Therefore, we tested the repellent activ-
ity of a-terpineol and carvacrol on Varroamites in the laboratory.
In the first assays, we tested the behavior of Varroa mites
placed on two adjacent filter papers soaked with either 10%
DMSO or repellent in 10% DMSO covered with a nylon mesh.
In the control assays, two filter papers were soaked with 10%
DMSO (Figure 5A). As shown in Figure 5B, a-terpineol repelled
Varroa mites at concentrations more than 20 mM, and thymol
commonly used as the mite repellent (Rosenkranz et al., 2010)
was only effective at 200 mM. Carvacrol also repelled Varroa
mites but at much higher concentrations (>0.2 mM, Figure 5C).
In these assays, Varroa mites may use both olfaction and
gustation to detect the compounds since their sensory bristles
might touch the compounds. Thus, in the second assays, we
placed two small paper discs containing either 5 ml of DMSO
or a-terpineol at the opposite ends of the testing arena with the
cover of parafilm. Under this condition, Varroa mites did notFigure 3. Conserved Electrophile Activation of VdTRPA1L
(A) Activation currents of DmTRPA1 and VdTRPA1L by allyl isothiocyanate (AITC
was present.
(B) Amino acid sequence alignment of TRPA1 from various animal species. Five c
human TRPA1 (HsTRPA1) covalently modified by an electrophile are at the top
respectively, which are at the bottom. The cysteine and lysine residues conserv
amino acids or deletions are indicated with green and purple (mite TRPA1-spe
TrTRPA1 (Takifugu rubripes, fugu fish), OaTRPA1 (Ornithorhynchus anatinus, pla
opossum), VdTRPA1L (Varroa destructor, Varroamite), MoTRPA1 (Metaseiulus o
PhTRPA1 (Pediculus humanus, human body louse).
(C) The plasma membrane localizations of wild-type and mutant VdTRPA1L prot
(D) Proteins expressed in HEK293 cells transfected with empty vector (MT), wild-t
expressing constructs were analyzed by western blot. Asterisk indicates wild-typ
marker (MW) is at the left.
(E) 1 mM AITC-activated current density of wild-type VdTRPA1L and the three
recording. The mean value with error bar (±SEM) is indicated for each channel (ndirectly contact with the compound, and thus, they had to
depend on olfaction for detection although the parafilm cover
might affect the spread of odor. As shown in Figure 5D,
a-terpineol was effective only at very high concentrations of
more than 0.3 M; nevertheless, Varroa mites could detect the
air-borne vapor by olfaction. Carvacrol was not effective with
the assay system (Figure S3).
Activation ofVdTRPA1L Is Sufficient to InduceGustatory
Avoidance and Attraction Behaviors in D. melanogaster
It was not possible to directly address the physiological functions
of VdTRPA1by testing thebehaviors ofVdTRPA1 knocked-down
mites because of the inability of mites to move after the mock
treatment for RNA interference (soaking or injecting mites with
0.9% NaCl without double-stranded RNA [dsRNA]). Therefore,
we characterized the chemosensory functions of VdTRPA1 by
introducing it into a D. melanogaster trpA1 mutant background.
To test whether the activation of VdTRPA1L by either a-terpineol
or carvacrol is sufficient to elicit any avoidance behavior, we
characterized the gustatory responses of D. melanogaster
trpA11 mutants expressing either VdTRPA1L or VdTRPA1S un-
der trpA1 promoter to sucrose solution containing the above
compounds by proboscis extension response (PER) (Kohno
et al., 2010). D. melanogaster trpA1 promoter for the short
isoforms was active in the subsets of aversive taste neurons
(Kim et al., 2010). The PER frequency of wild-type flies did not
change even in the presence of 80 mM a-terpineol; however,
that of trpA11mutants expressing VdTRPA1L but not VdTRPA1S
was significantly reduced at concentrations more than 15 mM
(Figure 6A). Unlike a-terpineol, carvacrol acted as an aversive
tastant for D. melanogaster because adding more than 6 mM
carvacrol to 100 mM sucrose significantly reduced the PER fre-
quency of wild-type flies (PER frequency at 6 mM; 0.43 ± 0.10
(Mean ± SEM)). Therefore, we tested the effects of low concen-
trations of carvacrol and found 5 mM carvacrol reduced the
PER frequency of trpA11 mutants expressing VdTRPA1L but
not that of wild-type flies (Figure 6B). We also observed a lesser
but significant reduction with trpA11 mutants expressing
VdTRPA1S (Figure 6B), suggesting the indirect stimulation of
the aversive effect of carvacrol elicited by an unidentified sensory
pathway in D. melanogaster. The results demonstrate that in
D. melanogaster, direct chemical activation of VdTRPA1L could) and cinnamaldehyde. Gray bars represent the period when each compound
ysteine (C412, C419, C619, C639, and C663) and one lysine (K708) residues of
. C412 and C619 of HsTRPA1 correspond to C544 and C749 of VdTRPA1L,
ed between different species are highlighted with yellow, and the substituted
cific amino acid substitution). TRPA1 sequences analyzed are the following:
typus), GgTRPA1 (Gallus gallus, chicken), MdTRPA1 (Monodelphis domestica,
ccidentalis, predatory mite), DmTRPA1 (Drosophila melanogaster, fruit fly), and
eins were analyzed as in Figure 1E.
ype VdTRPA1L-, and the three mutants (C544S, C749S, and C544S + C749S)-
e and mutant VdTRPA1L proteins. The size (kDa) of protein molecular weight
mutants (C544S, C749S, and C544S + C749S) measured by patch-clamp
= 4).
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Figure 4. Specific Activation of VdTRPA1L by a-Terpineol and Carvacrol
(A) Activation current of VdTRPA1L by 1 mM (left panel) and 0.1 mM (right panel) a-terpineol.
(B) Activation current of VdTRPA1L by 1 mM (left panel) and 0.1 mM (right panel) carvacrol.
(C) Current activation of DmTRPA1 by AITC but not a-terpineol (left panel) or carvacrol (right panel).
(D) Current activation of AmHsTRPA by camphor but not a-terpineol (left panel) or carvacrol (right panel).
(E) Current activation of HsTRPA1 by AITC but not a-terpineol. Gray bars represent the periods when each compound was present.
(F) a-Terpineol (left panel) and carvacrol (right panel)-activated current density of mock-transfected cells (Mock), VdTRPA1L-, VdTRPA1S-, DmTRPA1-,
AmHsTRPA-, and HsTRPA1-expressing cells measured by patch-clamp recording. The mean value with error bar (±SEM) is indicated for each sample (n = 3 for
carvacrol activated HsTRPA1; n = 4–5 for the rest). p values (ANOVA) for VdTRPA1L (a-terpineol), VdTRPA1L (carvacrol), and HsTRPA1 (carvacrol) are 0.0003,
0.0015, and 0.000001, respectively (**).
(G) Current-voltage relationship of 0.5 mM a-terpineol (black line)- or 0.1 mM carvacrol (blue line)-evoked current exhibits a positive reversal potential. We
corrected the liquid junction potential (DJPH) between extracellular and intracellular solution in the plot.
(H) The reversal potential of a-terpineol-activated VdTRPA1L current for each cation solution was 8.6 ± 1.2 mV (mean ± SEM, NaCl; n = 5) or 6.2 ± 6.7 mV
(mean ± SEM, CaCl2; n = 5), and the calculated PNa
+/PK+ and PCa2+/PK+ were 0.97 ± 0.00 and 1.95 ± 0.07 (mean ± SEM, error bar), respectively.induce gustatory avoidance behavior when expressed in aver-
sive taste neurons where DmTRPA1 is originally present.
Similarly, because a-terpineol is a neutral compound for
D. melanogaster, we tested whether stimulation of VdTRPA1L
in the sugar taste neurons by a-terpineol was sufficient to
induce gustatory attraction behavior. We expressed both
VdTRPA1L and a calcium-sensor protein, GCaMP6 (Chen
et al., 2013b), in the Gr64f-positive sugar taste neurons (Jiao
et al., 2008), and GCaMP6 fluorescence was detected in
several discrete neurons in the distal tarsal segments of front
leg (Figure 6C). As shown in Figure 6D, applying 10 mM
a-terpineol to the distal tarsal segments of front leg increased196 Cell Reports 12, 190–202, July 14, 2015 ª2015 The AuthorsGCaMP6 fluorescence in the Gr64f-expressing sugar taste
neurons associated with 5D1 and 5V1 sensilla (Miyamoto
et al., 2013). We detected the increase of intracellular calcium
level (DF/F0) in VdTRPA1L- but not VdTRPA1S-expressing neu-
rons (Figure 6E). Furthermore, the response was higher with
5V1- than 5D1-associated neuron (p = 0.047, ANOVA).
VdTRPA1L stimulation by a-terpineol was able to activate the
sugar taste neurons, and, as a result, the application of
10 mM a-terpineol to the front legs was sufficient to induce sig-
nificant PER in the fruit flies expressing VdTRPA1L but not
VdTRPA1S (Figure 6F). The results demonstrate that manipu-
lating the activity of taste neurons by the introduction of
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Figure 5. a-Terpineol and Carvacrol Repel Varroa destructor
(A) We introduced ten to 15 Varroamites at the boundary of two filter papers soaked with either repellent or 10%DMSO through nylon mesh (0 min), and then the
mites were allowed tomove for 30min followed by counting the number of mites in each area. In the control experiments, both filter papers were soakedwith 10%
DMSO. We calculated the avoidance index as shown.
(B) The avoidance index at the different concentrations of a-terpineol (circle) and thymol (square). The mean value with error bar (±SEM) is indicated for each
concentration. p values (ANOVA) for a-terpineol at 20, 40, 80, and 200 mM (* and **) are 0.035, 0.002, 0.0009, and 0.0003, respectively. p values (ANOVA) for
thymol at 200 mM is 0.0068 (**).
(C) The avoidance index at the different concentrations of carvacrol. The mean value with error bar (±SEM) is indicated for each concentration. p values (ANOVA)
at 0.2, 0.4, 1, and 4 mM (* and **) are 0.040, 0.003, 0.0002, and 0.0003, respectively.
(D) The olfaction-dependent avoidance index at the different concentrations of a-terpineol. The mean value with error bar (±SEM) is indicated for each
concentration. p values (ANOVA) at 0.3, 0.5, and 1 M (* and **) are 0.003, 0.015, and 0.011, respectively.VdTRPA1L and by the application of a-terpineol is sufficient to
modify the gustatory behaviors of fruit flies.
Application of a-Terpineol to V. destructor-Infested
Colonies
For reproduction of V. destructor, female mites on adult worker
bees (phoretic phase) need to enter into brood cells containing
the fifth instar larvae prior to capping (reproductive phase) (Rose-
nkranz et al., 2010). Subsequently, the mother mite starts to layeggs within the sealed brood cell (Boot et al., 1992). Since
a-terpineol is capable of repelling Varroamites as shown above,
we tested whether it could repress female mites from entering
brood cells containing the fifth instar larvae. Brood cells treated
with a-terpineol (1 ml of 0.3 M solution) showed 37% significantly
lesser infestation than that in the control cells treated using
DMSO (infestation in control cells = 42.5%, infestation in cells
treated with a-terpineol = 26.6%; p = 0.00002, Mantel-Haenszel
test). Applying 50 mM a-terpineol was not effective, and theCell Reports 12, 190–202, July 14, 2015 ª2015 The Authors 197
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Figure 6. VdTRPA1L Activation Induces
Gustatory Avoidance and Attraction
Behaviors of Drosophila melanogaster in a
Context-Dependent Manner
(A) PER frequency of wild-type and trpA11
mutant fruit flies expressing either VdTRPA1L
(trpA1 >VdTRPA1L; trpA11) orVdTRPA1S (trpA1 >
VdTRPA1S; trpA11) under trpA1-Gal4 toward
100 mM sucrose solution containing the different
concentrations of a-terpineol. Themean valuewith
error bar (±SEM) is shown for each concentration.
p values (ANOVA) for 15, 20, 40, and 80 mM with
trpA1>VdTRPA1L; trpA11 (**) are 0.0046, 0.00001,
0.0013, and 0.0008, respectively.
(B) Same as (A) except we added the different
concentrations of carvacrol to sucrose solution.
p values (ANOVA) for 4mMwith trpA1>VdTRPA1L;
trpA11 (*), 5mMwith trpA1>VdTRPA1S; trpA11 (**),
and trpA1 >VdTRPA1L; trpA11 (**) are 0.027, 0.006,
and 0.0000013, respectively.
(C) Phase and GCaMP6 images of tarsus of fruit fly
expressing both VdTRPA1L and GCaMP6 under
Gr64f-Gal4 (Gr64f > VdTRPA1L; GCaMP6).
(D) Phase and GCaMP6 images of above fruit
fly before (0 s) and at 30 s after applying 10 mM
a-terpineol to the distal tarsal segment. The in-
creaseofGCaMP6fluorescence (DF) is indicatedby
pseudo color. We identified 5D1 and 5V1 sensilla-
associated GCaMP6-positive sugar taste neurons
according to their positions (Miyamoto et al., 2013).
(E) Intracellular calcium changes (DF/F0) of
VdTRPA1L- or VdTRPA1S-expressing sugar taste
neurons associated with 5D1 and 5V1 sensilla at
30 s after applying 10 mM a-terpineol are shown
with the mean values with error bars (±SEM).
p values (ANOVA) for 5D1 and 5V1 neurons ex-
pressing VdTRPA1L are 0.042 (*) and 0.0008 (**),
respectively.
(F) PER frequency of fruit flies with the different
genotypes stimulated by 10 mM a-terpineol are
shown with the mean values with error bars
(±SEM). PER frequency of Gr64f-Gal4 flies was 0.
Only fruit flies expressing VdTRPA1L (Gr64f >
VdTRPA1L; GCaMP6) (**) show the significant
PER (p = 0.0000013, ANOVA).honey bee workers appeared to remove larvae in the cells
treated using 3 M a-terpineol because most of the treated brood
cells were not capped and empty after 2 days. The results
demonstrate that the appropriate concentration of a-terpineol
could repress the infestation of V. destructor females to brood
cells with the fifth instar worker larvae in the colony.
DISCUSSION
V. destructor Expresses Two Isoforms of TRPA1
V. destructor expresses two isoforms of TRPA1 mRNA,
VdTRPA1L and VdTRPA1S, by different transcriptional initiation
sites (Figure 1). In contrast to VdTRPA1L, VdTRPA1S was not
activated by chemical stimulation when expressed in HEK293
cells and D. melanogaster, as shown in Figure 6 as well as Fig-
ures S2A and S2B. These results may suggest that the N-termi-
nal sequence and/or the number of ARs would be important for
chemical sensitivity of VdTRPA1, as shown with the vertebrate198 Cell Reports 12, 190–202, July 14, 2015 ª2015 The AuthorsTRPA1 (Cordero-Morales et al., 2011). Only VdTRPA1L appears
to be a direct sensor involved in chemo-reception, and this is
consistent with its exclusive expression in the front legs of
V. destructor (Figures 1B and 1C), whichmost likely corresponds
to the insect antennae (Dillier et al., 2006). VdTRPA1S could be a
downstream component of signaling pathways activated by
certain sensory stimuli as suggested by the result shown in
Figure 6B. A similar signaling role was also suggested with
DmTRPA1 for the larvae to discriminate between 18C and
24C (Kwon et al., 2008) and the adults to avoid the insect repel-
lent citronellal (Kwon et al., 2010).
Physiological Roles of Chemosensitive VdTRPA1
for V. destructor
We found that VdTRPA1L but not VdTRPA1S is activated by a
variety of plant-derived compounds including electrophiles (Fig-
ures 2, 3, 4, S1A, S1B, S2A, and S2B). Since honey bees collect
nectar, pollen, and resin from various plant species and bring
them to the hive, Varroamites would have several chances to be
exposed to the above VdTRPA1L-activating compounds, which
are potentially hazardous. Thus, Varroa mites may avoid these
compounds using VdTRPA1. We do not have direct evidence
to support this hypothesis because the mock treated mites for
RNAi knockdown were incapable of moving; however, replacing
DmTRPA1 with VdTRPA1L in D. melanogaster was sufficient to
induce gustatory avoidance to VdTRPA1L (but not DmTRPA1)
-activating compounds, a-terpineol and carvacrol (Figures 6A
and 6B). Meanwhile, the activation of VdTRPA1L in the sugar
taste neurons by a-terpineol-induced PER (Figures 6C–6F),
showing that the behavioral outcomes of VdTRPA1L activation
can be context dependent in D. melanogaster.
Potential Use of VdTRPA1-Activating Compounds to
Control V. destructor in Apiculture Industry
Many studies have shown that the infestation of Varroa mites is
often associated with the loss of managed A. mellifera colonies
(van Dooremalen et al., 2012). The use of miticides has been
themost popular control method formany years, and, as a result,
some Varroa mite populations appear to have developed resis-
tance to pyrethrids such as tau-fluvalinate and flumethrin due
to mutations that substitute the amino acids in the voltage-gated
Na+ channel (Gonza´lez-Cabrera et al., 2013; Hubert et al., 2014).
Thus, developing effective control strategies is crucial for the
apiculture industry worldwide.
Given the repellent activity of a-terpineol and carvacrol toward
Varroa mites in a laboratory assay (Figure 5), we found that
applying a-terpineol into brood cells of hives with fifth instar
larvae repelled female mites from entering. Although a-terpineol
did not activate AmHsTRPA (Figure 4), a honey bee nocisensor,
its short-term effects on honey bees and its long-term effects on
the entire colony are yet to be characterized. Nevertheless, the
appropriate use of VdTRPA1-activating natural compounds
derived from plants may serve as an alternative method to
control Varroa mites in the apiculture industry. Several essential
oils from plants have been tested for possible Varroa mite-con-
trolling activity (for example, Umpie´rrez et al., 2011); however,
their molecular targets have never been studied (Blenau et al.,
2012). Our results showed that some of the components activate
VdTRPA1.
Evolution of Arthropod TRPA1 and Roles of TRP
Channels in Parasites
VdTRPA1 is one of arthropod TRPA1 channels to be character-
ized in detail besides DmTRPA1, Anopheles gambiae TRPA1,
and Bombyx mori TRPA1. Moreover, it is a TRPA1 of Acari,
which includes mites and ticks, representing the majority of
ectoparasites of various animals and plants. Despite the large
evolutionary distance between insects and mites (Regier
et al., 2010), VdTRPA1 and DmTRPA1 share many of the acti-
vation mechanisms and functions; both are electrophile-sensi-
tive TRP channels. Nevertheless, we also found differences:
a-terpineol and carvacrol specifically activated VdTRPA1L but
not DmTRPA1 and AmHsTRPA (Figure 4). It is not surprising
that AmHsTRPA failed to respond to some of the VdTRPA1L-
activating compounds because of the different origin (Matsuura
et al., 2009; Kohno et al., 2010). The different sensitivitiesto temperature fluctuations and compounds have been also
reported with other TRPA1 channels derived from vertebrates
(Chen et al., 2008, 2013a; Xiao et al., 2008; Nagatomo et al.,
2010). Furthermore, our results using VdTRPA1L mutants sug-
gested that the amino acids different from the ones in HsTRPA
and DmTRPA1 would be responsible for the AITC activation
(Figure 3E). These results demonstrate that amino acid substi-
tutions in TRPA1 would be often driven by adaptive evolution to
adjust physiological functions in association with different
specific habitats and life histories of the respective animal spe-
cies. Furthermore, the frequent expansion and loss of TRPA1
gene during metazoan evolution is also apparent. For example,
the TRPA1 gene is absent in Hymenoptera (bees, wasps, and
ants), Daphnia pulex (water flea), and Tetranychus urticae (spi-
der mite), but it is expanded in Amphimedon queenslandica
(sponge) and Strigamia maritima (centipede) (Matsuura et al.,
2009; Peng et al., 2015). Thus, the evolution of metazoan
TRPA1 is plastic at both gene copy number and amino acid
sequence levels (Kadowaki, 2015).
Because TRP channels are involved in many sensory pro-
cesses, they would have important roles in mediating the many
host-parasite interactions. However, to date, no parasite TRP
channels have been characterized, except VdTRPA1, which is
reported in this study. Understanding the roles of TRP channels
for host-parasite interactions could dramatically improve our un-
derstanding of the underlyingmolecular andcellularmechanisms
of the adaptations necessary for successful parasitism to evolve.
Moreover, very little is known about the sensory physiology of
V. destructor despite its critical roles in host finding and repro-
duction, and thus further study on the TRP channels would aid
in developing control methods to fight this major pest of the
apiculture industry worldwide.EXPERIMENTAL PROCEDURES
50 and 30 RACE of VdTRPA1
We designed the primers for 50 and 30 RACE according to V. destructor
genomic contig sequences with high similarity to PhTRPA1 amino acid
sequence. V. destructor total RNA and two primers, 50-GTGTACCGCTG
AGTGTAGGGGAACATTG-30 (for the first PCR) and 50-CCGCCTCATGTAT
AGGGTAGAAGCCATT-30 (for the second PCR) were used for 50 RACE. We
carried out 30 RACE as above except the following two primers were
used; 50-ATGATGCTAGGCGAACTGGACTTCTTGG-30 (for the first PCR)
and 50-GATGCCTATTCTCCTCATGAATCTCTTG-30 (for the second PCR). To
fully extend 50 end of VdTRPA1L cDNA, we used additional two primers,
50-CCCGCTGACGTTACTGCTATGGGAATCA-30 (for the first PCR) and
50-CGCCCAAGACACGTTTCGTCCGTTAACG-30 (for the second PCR).
Construction of VdTRPA1-Expressing Vector for Mammalian Cells
We isolated full-length VdTRPA1L and VdTRPA1S cDNAs by nested RT-PCR
with V. destructor total RNA and two primers for the first PCR, either
50-GGAGGTAAAGGATTAGAGCGGGACGGA-30 (for VdTRPA1L) or 50-CGGA
AGTTCAATTGACCAGTGACT-30 (for VdTRPA1S) and 50-AAGTACTCAGC
GATGAATAGCCAAAGG30. The second PCR was then carried out using
the first PCR product as a template and the following two primers; either
50-TTTTTGCGGCCGCACCATGGCATTAGCAGAACAAGTTGCGCTCAAT-30
(for VdTRPA1L) or 50-TTTTTGCGGCCGCACCATGCGAGTTCTACTGGAGTTC
TGCGAG-30 (for VdTRPA1S) and 50-TTTTATCTAGACTCTTTATATCAGTAG
CACATGTCTCCATC-30. The second PCR products were cloned in pAc5.1/
V5-His B vector (Life Technologies) in which D. melanogaster actin 5C pro-
moter was replaced with CMV promoter. The VdTRPA1 protein expressionCell Reports 12, 190–202, July 14, 2015 ª2015 The Authors 199
was analyzed as described in (Kohno et al., 2010). We compared the staining
patterns of either V5 epitope-tagged VdTRPA1L or VdTRPA1Swith FITC-WGA
which labels the plasma membrane of HEK293 cell as previously reported
(Jabba et al., 2014). We then prepared a construct expressing untagged
VdTRPA1 protein using the above DNA construct as a template, the above
primer with the initiation codon, and the primer 50-TTTTATCTAGACTACTTTA
TATCAGTAGCACTGTCTCCATC-30.
RT-PCR
We isolated total RNA from the Varroa mite first legs, second to fourth
legs, mouth parts, and whole bodies without legs and mouth parts.
0.1 mg of total RNA was used for the reverse transcription reaction. The
RT products were then used for the first PCR with the following primers;
either 50-GGAGGTAAAGGATTAGAGCGGGACGGA-30 (for VdTRPA1L) or
50-CGGAAGTTCAATTGACCAGTGACT-30 (for VdTRPA1S) and 50-GTGT
ACCGCTGAGTGTAGGGGAACATTG-30. We then carried out the second
PCR using the first PCR products as templates and the two primers, either
50-GGCCGAATTTCAGCGACT-30 (for VdTRPA1L) or 50-CAGCTAACTCC
GAATAGACCGCAA-30 (for VdTRPA1S) and 50-CCGCCTCATGTATAGGG
TAGAAGCCATT-30. We verified the identities of resulting PCR products
by the sequencing.
Ca2+-Imaging Method with HEK293 Cells
For Ca2+ imaging, 1 mg of VdTRPA1 expression vector and 0.1 mg of pCMV-
DsRed vector were transfected to HEK293 cells in OPTI-MEM medium
(Life Technologies) using Lipofectamine Plus reagents (Life Technolo-
gies). After incubating for 3–4 hr at 37C, cells were reseeded on
cover glasses and further incubated at 33C. The cells were used for
the experiments at 20–40 hr after transfection. Transfected HEK293
cells on a cover glass were incubated in culture media containing 5 mM
fura-2 AM (Life Technologies) at 33C for 2 hr. The imaging, data acquisi-
tion, and data analysis were carried out as previously described (Kohno
et al., 2010). The concentration of each compound was 1 mM except for
carvacrol, geranylacetone, nerol (0.5 mM), menthol (3 mM), and creosote
(0.1%).
Electrophysiology
For patch-clamp recording, 1 mg VdTRPA1 expression vector and 0.1 mg
pGreen Lantern 1 vector were transfected to HEK293 cells cultured on
35-mm dishes using Lipofectamine Plus reagents. The standard bath solu-
tion for the whole-cell patch-clamp methods was the same as that used
for the Ca2+ imaging experiments, and contained (in mM) 140 NaCl, 5 KCl,
2 MgCl2, 2 CaCl2, 10 HEPES, and 10 glucose (pH 7.4) adjusted with
NaOH. The CsAspartate/Ca2+(–) pipette solution for the whole-cell patch-
clamp methods contained (in mM) 120 Aspartate, 10 CsCl, 1 MgCl2,
5 EGTA, and 10 HEPES (pH 7.4), adjusted with CsOH. Whole-cell recording
data were sampled at 10 kHz and filtered at 5 kHz for analysis (Axopatch
200B amplifier with pClamp software; Molecular Devices). The membrane
potential was clamped at –70 mV in whole-cell configuration. We used sili-
cone tubes for perfusion, and these tubes were extensively washed with
methanol and ethanol and then the bath solution to eliminate any contami-
nants inside the tubes. All of the patch-clamp methods were performed at
room temperature. For chemical stimulation, the bath solution containing
each compound was perfused with gravity. The current-voltage (I–V) relation-
ship during stimulation was obtained using voltage ramps (–110 to +90 mV
in 500 ms).
Genetics
We generated UAS-VdTRPA1L and UAS-VdTRPA1S fruit flies by integrating
the transgenes to 68A4 by PhiC31 integrase-mediated recombination event
(Bischof et al., 2007). UAS-DmTRPA1 was previously described (Kohno
et al., 2010). These transgenes were driven by trpA1-Gal4 (Rosenzweig
et al., 2005) under trpA11 background (Kwon et al., 2008). We recombined
each of the above transgene with 20XUAS-IVS-GCaMP6s (Chen et al.,
2013b) on the third chromosome, and then their expression was driven by
Gr64f-Gal4 (Jiao et al., 2008) with two copies for each UAS and Gal4
transgene.200 Cell Reports 12, 190–202, July 14, 2015 ª2015 The AuthorsPER Assay of D. melanogaster
We performed PER assay as previously described (Kohno et al., 2010). For
PER induction by a-terpineol, we touched the front legs of starved fruit flies
with the 10 mM solution, and then the extension of proboscis was scored fol-
lowed by checking the intact PER by sucrose.
GCaMP6 Imaging in D. melanogaster
The female front legs for GCaMP6 imaging were prepared as described previ-
ously (Miyamoto et al., 2013), except that the distal tarsal segments were
covered with 5 ml of water on a glass slide. We first obtained three to four
images (0 s) and then started time-lapse recording (every 0.5 s for 30 s) by a
charge-coupled device (CCD) camera (RETIGA 2000-RV, Roper scientific
photometrics) by adding 5 ml of 20 mM a-terpineol. Data were acquired and
analyzed by Image-Pro Plus software (Media Cybernetics).
Repellent Assay with V. destructor in a Laboratory
In the first assays, we soaked two filter papers with either 10%DMSO or repel-
lent in 10%DMSO and then coveredwith nylonmesh after joining them side by
side. 10–15 Varroa mites were aligned at the boundary of two filter papers at
the beginning of assay (0 min) and then allowed to move for 30 min in the
testing arena (9-cm-diameter circle). We counted the number of mites in the
area with either DMSO or repellent after 30 min, and the avoidance index
was calculated. Two filter papers soaked with 10% DMSO were used as a
control assay (Figure 5A). In the second assays, we put two paper discs
(10-mm diameter) soaked with either 5 ml of DMSO or a-terpineol at the oppo-
site ends of the testing arenawith the cover of parafilm, and then the number of
mites was counted after 50 min as described above. The experiments were
repeated three times for each concentration of a-terpineol and carvacrol.
Bioassay of a-Terpineol with V. destructor-Infested A. mellifera
Colonies
We applied 1 ml of 0.3 M a-terpineol to each worker brood cell containing fifth
instar larvae in Varroa-mite-infested honey bee colonies. An equal number of
cells was also treated with 1 ml of DMSO and used as a control. After two
days, the sealed cells were opened and inspected, and the number of mite-in-
fested cells was counted. The experiment was repeated four times with the
different colonies, and 320 brood cells in total were tested for each experi-
mental group.ACCESSION NUMBERS
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